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ABSTRACT 
 
Cohesive sediment has been increasingly concerned for its potential threat to environment and 
ecological systems as it is a media for accumulating toxic organic chemicals and heavy metals 
through adsorption. The transport processes of cohesive sediments are quite different from that of 
non-cohesive sediment, which include flocculation, settling, deposition, consolidation and erosion. 
One of the most important factors which make the difference is flocculation. In freshwater rivers 
turbulence is the most dominant factor in cohesive sediment transport processes. 
CCHE2D model is a two-dimensional depth-integrated free surface hydrodynamic model. It 
has three modes of turbulence closure, which can give a realistic estimation of the turbulence 
intensity of the flow. In this study, a process-based module for cohesive sediment transport in 
freshwater was developed and integrated with CCHE2D model. The module represents the bed 
sediments in three-dimension with a number of vertical layers based on their consolidation time 
(Td) and layer thickness. Bed sediment material properties can be given as initial condition and/or 
estimated using empirical formulae during the simulation.  The effects of turbulence on flocculation, 
settling of flocs and the effects of consolidation on erosion are taken into account. The erosion rate 
is calculated using formula of Gailani et al. (1991). The deposition rate is simulated using empirical 
formula proposed by Burban et al. (1990).  
 
 
1. INTRODUCTION 
 
Toxic organic substances such as PCBs and heavy metals are transported along with cohesive 
sediments. Hence the fate of toxic substances is highly depended on the transport of cohesive 
sediment.  
The basic physical processes governing the cohesive sediment transport are flocculation, 
settling, deposition, consolidation and erosion, which have been studied by many researchers. The 
process of individual sediment particles forming into aggregates/flocs is flocculation. It has essential 
impact on the flocs size, settling velocity, floc strength and hence important to other processes of 
cohesive sediment transport. 
Flocculation is formed in flocs with different sizes, structures and strength, which is the result 
of particle collision if the binding forces are stronger than the repulsive ones (van Rijn, 1993). 
There’re three collision mechanisms: a) the Brownian motions of the particles (< 4µm); the number 
of collisions is linearly proportional to the concentration; b) turbulent mixing due to the velocity 
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gradient; and c) differential settling velocities so that the larger particles with bigger settling 
velocities may “fall” on the smaller ones. Binding forces between particles include molecular 
attractive force (van der Waals), and chemical forces such as hydrogen bonds, cementation, organic 
coating, biological “glue” produced by microorganisms in water and etc.  Repulsive forces are due 
to the electric clouds of same charge repelling each other. Most clay particles have negative charges 
on the surface. As the double layer theory, positive ions in water form a layer of ions around the 
negatively charged clay particles.  The strengths of electrostatic binding and repulsive forces depend 
on the ion strength of the fluid and the distance between the particles (that is related to sediment size 
and sediment concentration). Flocs can be broken up by fluid shear stress (Parker et al. 1972, 
Matsuo and Unno 1981, Parker 1982, Clark 1982) or particle collisions. 
Other factors affecting flocculation in freshwater are: sediment concentration and size, 
particle’s material property, temperature and organic matter. Flocculation becomes weak when 
sediment size increases as the distance between particles is relatively large. Small sediment size and 
high sediment concentration would enhance flocculation as the collision is intensified. Experiments 
(Tsai et al. 1987, Lick and Lick 1988, Burban et al. 1989) have demonstrated that under same shear 
stress, high sediment concentration leads to small median floc size. For the same sediment sample, 
flocculation first would be intensified with increasing shear stress then it would be reduced when 
shear stress exceeds some critical level as observed in many experiments (Owen 1970, Tsai et al. 
1987, Lick and Lick 1988, Burban et al. 1989, McConnachie 1991, Haralampides et al. 2003). High 
temperature also intensifies flocculation as the double layer is weakened by more active ion 
motions, which reduces repulsive force between particles. In natural water bodies, organic 
chemicals and those produced by microorganism play a role in flocculation as well (Thomann 
1993). 
Due to the complexity of the flocculation process, the settling velocities are difficult to predict 
and the formulation of which is highly empirical.  
When bed shear stress falls below the critical deposition shear stress, deposition is 
predominant (Krone, 1962). Three distinct periods depending on the mud concentration can be 
observed (von Rijn, 1993): 
• a period of about 10 hours with relatively (slow) deposition and suspension concentrations 
decreasing to about 10 kg/m3, 
• a period of about 100 hours with more rapid deposition and suspension concentrations 
decreasing from 10 kg/m3 to about 0.3 kg/m3, and 
• a final period of long duration with a very slow deposition of concentration smaller than 
0.3 kg/m3.  
The deposition rate given by Krone equation (1962) is a function of near bed sediment 
concentration, settling velocity of flocs, bed shear stress and critical deposition shear stress.  There 
have been several modified versions with similar mathematic forms developed recently for cohesive 
sediment deposition in freshwater (Ziegler and Nisbet, 1994). 
After the cohesive sediments deposit on the mud bed, consolidation occurs. Generally, three 
consolidation stages are distinguished (Nedeco 1965, von Rijn, 1993, Hamm and Migniot 1994): 
initial stage (days), secondary stage (weeks), and final stage (years). The consolidation process is 
strongly affected by the initial thickness of the mud layer, initial concentration of the mud layer and 
the permeability of the mud layer. Consolidation has important impact on the bed dry density and 
shear strength. Empirical relationships have been proposed by Lane and Koelzer (1953), Owen 
(1975), Thorn and Parsons (1980), Nicholson and O’Connor (1981). 
Erosion happens when the bed shear stress exceeds the critical value for erosion, which 
depends on the bed material characteristics (composition, organic materials, salinity, density etc.) 
and bed structure (the age of the deposition). Winterwerp (1989) showed the relationships between 
the critical bed shear stress for erosion and temperature, pH value, sand concentration, clay 
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concentration, organic content, and salinity. The erosion rate is described by Partheniades (1962), is 
a function of bed shear stress, critical erosion shear stress and an empirical erosion coefficient. 
Gailain et al. (1991) proposed an equation based on experiments in freshwater which explicitly 
related the resuspension rate with the time after deposition.  
The physical understanding of above-mentioned processes is still under research. In addition, 
the interactions between those processes make the cohesive sediment transport more complex.  
Dyer (1989) proposed a conceptual model of the effect of shear and concentration on median 
floc settling velocity. A heuristic formulation advocated by van Leussen (1994) related flocculation 
and break-up to the dissipation rate of turbulent kinetic energy. A unified theory for settling and 
consolidation has been developed by Toorman (1996).  
There have been many applications of cohesive sediment transport models both fresh water 
and estuaries. Those models incorporated various deposition rate and resuspension rate equations at 
different level of complexity. The work of Partheniades (1965) and Ariathuri and Krone (1976) 
were used in HEC-6 (1990). Sediment dynamics of Ariathuri and Krone (1976) was incorporated in 
STUDH (1989). Ziegler and Lick (1986) developed SEDZL, which also includes the works of 
Gailani et al. (1991) and Ziegler and Nisbet (1994). SEDZL has been used in many sediment 
transport studies, including the Fox River in Wisconsin (Gailani et al. 1991), Pawtuxet River in 
Rhode Island (Ziegler and Nisbet 1994), Lake Erie (Lick et al. 1994), Saginaw River in Michigan 
(Cardenas et al. 1995), Buffalo River in New York (Gailani et al. 1996) and Watts Bar Reservoir in 
Tennessee (Ziegler and Nisbet 1995). Hayter and Mehta (1986) simulated sedimentation in a small 
yacht basin using CSTM-H. Shrestha and Orlob (1996) extended SEDH (Ariathurai 1974, 
Ariathurai et al. 1977) by simulating the mass and surface erosion in multiple layers of bed 
sediments. MIKE 11 (DHI, 1994) simulates cohesive sediments as multi-layers. The cohesive bed 
layer is modeled as three sub-layers consisting of weak fluid mud, fluid mud and under-consolidated 
bed, respectively.  
 
 
2. NUMERICAL MODEL 
 
2.1 Governing Equation 
 
The governing equations for the two-dimensional depth-averaged sediment transport are as follows 
(transport equation Eq. 1, bed thickness change due to sediment flux Eq. 2, and bed thickness 
change due to consolidation, Eq. 3).  
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in which: 
 h   water depth, in m 
 C   depth-averaged sediment concentration, in kg/m3 
 xU  depth-averaged velocities in direction, in m/sec 
 yU   depth-averaged velocities in y direction, in m/sec 
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 xxE  component of dispersion tensor E , in m
2/sec 
 yyE   component of dispersion tensor E , in m
2/sec 
 bD  sediment deposition rate, in kg/(m
2/sec) 
 bE  sediment erosion rate, in kg/(m
2/sec) 
 bz  bed elevation, in m 
 dρ  dry density of bed material, in kg/m3 
 H  thickness of bed material, in m 
 dρ  depth averaged dry density of bed material over H, in kg/m3 
 
The governing equations for cohesive and non-cohesive sediment transport are the same, 
which are solved using existing transport solver in the CCHE2D model. The source term input into 
the solver is hDE bb /)( −  , which can be discritized using explicit scheme. The formulation for the 
deposition and erosion rate of the cohesive sediments is described in the following sections 
(Sections 2.3 & 2.4).  
CCHE2D, the depth-integrated two-dimensional model has been developed for simulating free 
surface flows, sediment/pollutant transport and channel morphological changes. The model has been 
verified and validated vigorously using physical model data, which shows that it is capable of 
reproducing realistic physical mechanism. There have been many applications to natural channels 
with complex flow conditions, topography and hydraulic structures. The results indicate that the 
model is robust (Jia and Alonso 1994, Jia and Wang 1999, Jia et al, 2001, Jia et al., 2002). CCHE2D 
hydrodynamic model directly outputs the simulation result of bed shear stress. The model has three 
options for the turbulence closure: parabolic, mixing length and k-ε. The latter two options can give 
better estimation of eddy viscosity and hence bed shear stress, which is essential for the cohesive 
sediment transport. 
It is believed that there is only erosion or deposition occurring under curtain bed shear stress 
(Mehta 1986, Lick and Lick 1988, Lau and Krishnappan 1994). After the flow is simulated, the 
calculated bed shear stress is compared with the critical shear stresses for erosion and/or deposition. 
There’re three possibilities for the bed shear stress: a) erosion occurs if it is higher than the critical 
shear stress for bed erosion; b) no sediment exchange flux between the water and the bed if it is 
lower than the critical shear stress for bed erosion but higher than the critical shear stress for 
deposition; and c) deposition occurs if it is higher than the critical shear stress for deposition. Then 
the source term in the sediment transport equation can be determined depending on which process 
occurs. Bed properties will be updated at the end of one simulation time step. The flow chart 
describing the sediment transport simulation for each time step is given below (Figure 1). 
 
2.2 Bed Description 
 
The bed of simulation domain is described in three dimensions in the model. For each two-
dimensional numerical node, multiple vertical layers are defined by the consolidation age. Bed 
properties such as shear strength, dry density are assumed varying linearly in the layer. Each layer 
will go through the consolidation process and be subjective to erosion or deposition. Bed properties 
including consolidation age, shear strength, dry density, layer thickness, sediment fraction will be 
updated after every time steps.  Advantages of multi-layer description are: 
• It provides a better approximation of the real bed. 
• Each layer has uniform physical and chemical properties, such as bulk density, porosity, 
chemical concentrations and etc. 
• Layers with different deposition rate and consolidation age can be better represented.  
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• The interactions between layers and the mud-water interface can be identified. 
A sketch of bed layers is given below in Figure 2. 
 
 
 
Figure 1 Cohesive Sediment Transport Simulation Flow Chart 
 
 
 
Figure 2 Sketch of Cohesive Sediment Bed Layers 
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 (τb-τe) >0 (τb-τe) ≤ 0 and (τb-τd) >0 (τb-τd) ≤ 0 
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Call Transport Solver 
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2.3 Bed Material Properties/ Consolidation Algorithm 
 
Cohesive sediment bed density and shear strength get bigger with the settling time, which is known 
as consolidation. Bed consolidation process is impacted by multiple factors, which is very site 
specific. If no in situ information is available, empirical formulation can be used to determined how 
bed density and shear strength changing with consolidation time.  The relationship between the bed 
density and consolidation time can be approximated as Eq. 4 (Hayter, 1983) 
 
 
∞−
∞
−= dcdc tpt
d
d a /exp1ρ
ρ
   (4) 
 
in which, 
∞dρ  final mean dry density of bed 
576.6
845.0
=
=
p
a
 
 
Consolidation is a big influence on the bed strength and hence the rate of erosion. Based on 
Owen (1975), a correlation relationship between the bed dry density and the bed strength is as, 
 
 βαρτ de =   (5) 
 
in which,  
44.21085.6 6 =×= − βα and  
 
Thorn and Parsons (1980) proposed a similar formula but with different value of parameters: 
28.21042.5 6 =×= − βα and . 
 
2.4 Cohesive Sediment Erosion Algorithm 
 
Cohesive bed layer gets eroded if the bed shear stress is greater than the bed shear strength of the 
layer surface. If erosion depth is larger than the thickness of the surface layer, then the next layer 
will be eroded if the bed shear strength there is smaller than the bed shear stress. 
Gailani et al. (1991) and Ziegler and Nisbet (1995) studied the fine sediment transport in lakes 
and reservoirs, and found that the erosion rate is a power function of the dimensionless excess shear 
stress, with the power index ranging from 2 to 3. 
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in which, 
 0a  site-specific coefficient 
 dt  time after deposition, in day 
 m, n site-specific coefficients. 
 
If the sediment bed has a fraction of non-cohesive sediment, the cohesive sediment erosion is 
modified by multiplying the fraction of cohesive sediment in the bed (as in Eq.7 ). 
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Figure 3 Cohesive Sediment Erosion Algorithm 
  
 
2.5 Cohesive Sediment Deposition Algorithm 
 
The cohesive sediment deposition algorithm is shown in Figure 4. When the bed shear stress ( bτ ) 
exceeds the critical shear stress for deposition ( dτ ), the deposition occurs. The deposition rate is a 
function of excess stress, fall velocity of the flocs ( fω ), and the sediment concentration (C). 
 
Erosion Rate (Eq. 5.15) 
Erosion Starts 
if  (τb-τe) >0 
Change of Thickness of the 
Surface Layer, ∆H
∆H ≤ Hsurface layer
YES
NO 
If the next layer 
erodible
NO 
YES
Erosion Stops 
Fraction × Erosion Rate
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Figure 4 Cohesive Sediment Deposition Algorithm 
 
There are two processes of deposition for cohesive sediment concentrations below 0.3 kg/m3 
according to the experimental results of Krone (1962): no deposition and full deposition. The 
deposition processes was formulated as follows: 
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in which 
 dbm ττα /1−=  
 
Lick and Lick (1988) and Gailani et al. (1991) gave the following equation of floc size taking 
into account of factors of turbulence intensity and sediment concentration: 
 
 
2/1
0 ⎟⎠
⎞⎜⎝
⎛=
CG
dm
α
 (9) 
 
in which, 
 dm  median diameter of flocs (cm) 
 C sediment concentration (g/cm3) 
 G fluid shear stress (dynes/cm2) 
 α0 experimental coefficient = 10-8 g2m/cm3/s2 
 
Burban et al. (1990) proposed an empirical formula for the settling velocity of the flocs based 
on the experiments on flocculated cohesive sediment in freshwater. It is a function of sediment 
concentration and shear stress (Eq. 10) 
Deposition Starts 
if (τb-τd) ≤ 0
Calculate fall velocity
Calculate Deposition 
Rate 
Increase Thickness of 
Surface layer 
Deposition Ends 
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3. MODEL VALIDATION USING LAB TESTS 
 
3.1 Model Validation using Hayter’s Lab Test 
 
3.1.1 Hayter’s Test 
 
Several laboratory experiments of previous researchers were used to validate the new capabilities of 
CCHE2D model for the cohesive sediment transport in freshwater. Several of erosion tests and one 
deposition test by Hayter (1983) and Dixit (1982) were used to validate the erosion and deposition 
algorithm in the model.  
A rectangular recirculation flume experiment by Hayter (1983) was used to validate the 
model. The rectangular flume is 0.61m wide and 18.3m long with a width constraining reach about 
5m long near the upstream. The top view of the flume is shown in Figure 5. The bed material was 
commercial Kaolinite with median size of about 1µm. Tap water was used in the experiment. The 
bed was consolidated for 3 hours before the bed shear stress was increased to induce bed erosion. 
The bed shear stress was maintained at 0.06 N/m2 for first two hours, at 0.12 N/m2 for another two 
and then reduced to 0.035 N/m2 for five hours during which deposition happens. Figure 6 shows the 
imposed bed shear in Hayter’s test. 
 
 
Figure 5 Top View of Flume in Hayter’s Test 
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Figure 6 Imposed Bed Shear Stress in Hayter’s Test 
 
The suspended sediment concentration was measured during the test. The bed dry density 
profile was measured but not bed shear strength, which was estimated using empirical formula. 
Figure 7 shows the measured bed dry density and several sets of estimated bed shear strength. 
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Figure 7 Bed Dry Density Profile in Hayter’s Test (Td = 3 hr) 
 
The bed shear strength was estimated using three methods: 1) Owen’s formula (Owen, 
1975); 2) Thorn and Parsons’s formula (Thorn and Parsons, 1980); and 3) a linear relationship. The 
profiles were shown in Figure 8. It can be seen that at the same depth Owen’s formula predicted the 
highest bed shear strength, while Thorn and Parsons’s formula predicted the lowest bed shear 
strength for bed from water-bed interface to 2.5 cm below. Both empirical predicted the bed shear 
strength increase much faster for bed thicker than 2.5 cm.  
 
 
 
 
Figure 8 Bed Shear Strength Profiles Based on Several Formula 
 
 
3.1.2 Simulation of Hayter’s Test 
 
The simulation domain was discretized into 11 × 50 meshes in plan and 9 layers in vertical 
direction.  The CCHE2D model first simulated flow and output flow field and bed shear stress. Then 
the flow simulation results were input into the cohesive sediment transport module. The initial 
suspended concentration was set as measured value, 0.6 g/l.  
All three bed shear strength profiles were used in the simulation of erosion process. The 
simulated and measured suspended concentrations for Hayter’s erosion test were shown in Figure 9. 
The linear relationship of bed shear strength produces the best result. The simulation results by 
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applying Thorn and Parsons’s formula overestimated the suspended sediment concentration during 
the first two hours and underestimated the suspended sediment concentration between Hour 2 and 
Hour 4. This prediction was consistent with the estimations of bed shear strength using Thorn and 
Parsons’s formula, which gave lower values in upper layers of bed and higher values in lower layers 
compared with those in linear relationship. Since Owen’s formula predicted the highest bed shear 
stress among three relationships, which resulted in the weakest erosion. The agreement between the 
simulation results using Owen’s formula and the measurement values was the worst, which was not 
shown here.  
 
 
 
Figure 9 Simulation of Sediment Erosion in Hayter’s Test 
 
 
Both Burban’s formula and Krone’s (1962) formula for deposition rate were used in the 
simulation and produced satisfactory results. It suggests that the simulation of sediment deposition 
is not sensitive to the empirical formulae used. Figure 10 shows the simulation results of the 
deposition test together with the erosion test using linear relationship. 
From this validation case, it’s found that the estimation of the bed shear strength was essential 
to the erosion simulation. The bed in Hayter’s test is of consolidation time of only 3 hours, which is 
newly deposited bed. To fully validate the model and examine the empirical relationships between 
bed dry density and bed shear strength, two of Dixit’s erosion tests were simulated. 
 
Erosion Test by Hayter (Td=3 hr)
0
1
2
3
4
5
6
7
8
0 1 2 3 4 5 6 7 8 9
Time (hour)
Su
sp
en
de
d 
Se
di
m
en
t C
on
ce
nt
ra
tio
n 
(g
/l
Thorn and
Parsons
Measurement
Linear 3
The 7th Int.  Conf. on Hydroscience and Engineering (ICHE-2006), Sep. 10 – Sep. 13, Philadelphia, USA 12 
 
Figure 10 Simulation of Hayter’s Erosion and Deposition Test 
 
 
 
3.2 Model Validation using Dixit’s Tests 
 
3.2.1 Dixit’s Tests 
 
Dixit (1982) has conducted erosion tests in a similar recirculation flume with straight test reach of 
uniform width (top view shown in Figure 11). The bed was prepared to let the sediment 
consolidated for a certain time, ranging from 2 hours to 96 hours. Two erosion tests were used to 
validate the cohesive sediment transport model, with the consolidation time of 2 hours and 72 hours, 
respectively.  
 
 
Figure 11 Top View of Flume in Dixit’s Tests 
 
After the bed was prepared, the flow shear stress was increased in step every hour by 
increasing the flow discharge. It took about 15 min for the flow to adjust to the steady state. In this 
way, the bed sediments were eroded layer by layer depending on the bed shear strength and the 
imposed bed shear stress. Figure 12 shows the designed bed shear stress and the simulated results in 
the lab tests.  The suspended sediment concentration was measured during the experiments, which 
were used to compare with the simulation results. 
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Figure 12 Imposed Erosion Bed Shear Stress 
 
The bed dry density profiles of the consolidated bed aged 2 hours (Dixit’s Test A) and 72 
hours (Dixit’s Test B) were measured and shown in Figures 13 and 14,  respectively.  
 
 
 
Figure 13 Bed Dry Density Profile in Dixit’s Test A (Td  = 2 hr) 
 
 
 
Figure 14 Bed Dry Density Profile in Dixit’s Test B (Td  = 72 hr) 
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With the measured suspend sediment concentration under the designed bed shear stress, the 
vertical bed shear strength profile were calculated based on mass balance. The details about the 
method were described by Parchure and Mehta’s (1985). The calculated bed shear strength profiles 
were shown in Figures 15 and 16 for two erosion tests respectively. 
 
 
 
Figure 15 Calculated Bed Shear Strength Profile in Dixit’s Test A (Td = 2 hr) 
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Figure 16 Calculated Bed Shear Strength Profile in Dixit’s Test B (Td = 72 hr) 
 
Several empirical relationships between bed dry density and shear strength were investigated 
for all Hayter’s and Dixit’s erosion tests. For newly consolidated cohesive sediment bed (with 
consolidation time of 3 hr and 2 hr), it seemed that a linear relationship exists between the bed dry 
density and shear strength. For bed consolidated for days (72 hr), the analysis showed a log-law was 
a better fit (Figure 17) although the power law is generally used in empirical formulae. For small 
dry density, constant shear strength was specified instead of using log-law. 
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Figure 17 Relationship between Bed Shear Strength and Dry Density 
 
 
3.2.2 Simulation of Dixit’s Tests 
 
Dixit’s erosion Test A was simulated using calculated bed shear stress, which produced satisfactory 
results of suspended sediment concentration (shown in Figure 18). Both calculated bed shear stress 
and log-law profile were applied to the simulation of Dixit’s Test B. Both profiles gave good 
agreement between the simulated and measured suspend sediment concentrations (shown in Figure 
19). 
 
 
 
Figure 18 Erosion Simulation of Dixit’s Test A (Td=2 hr) 
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 Figure 19 Erosion Simulation of Dixit’s Test A (Td=2 hr) 
 
 
4. CONCLUSIONS 
 
In this study, a depth-averaged two-dimensional model for the cohesive sediment transport in 
freshwater was developed and validated. From the above validation cases, it can be concluded that: 
• The deposition simulation is not sensitive to different empirical equations in this study. 
• The model produce better results when there is measured data of bed dry density and shear 
strength.  
• The erosion simulation is sensitive to the excess shear stress, which requires the model 
predicts accurate bed shear stress. 
• Empirical equations predict better bed properties for older bed (72 hr) than newly deposited 
bed (2 or 3 hr). There is big uncertainty in the predictions of bed shear strength using 
existing empirical equations.  
• The developed cohesive sediment transport model has been successfully validated. The 
comparison between the simulated and measured suspended sediment concentration shows 
that the model produces satisfactory simulation results for cohesive sediment erosion and 
deposition in freshwater. 
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